The phylogenetic diversity of cowpea root-nodulating bacteria in the South-West of Japan was investigated using 60 isolates. Seeds of cowpea were aseptically sown in vermiculite and inoculated with a suspension of Cowpea Soil (CS) or Bean Soil (BS) or without a soil suspension as a control. CS and BS were collected from the Kyushu University's farm (Japan) at sites where cowpea and bean, respectively, have been cultivated previously. Based on an analysis of the 16S rRNA gene and the Internal Transcribed Spacer (ITS) sequence between the 16S and 23S rRNA genes, 56 isolates were assigned to the genus Bradyrhizobium, while one isolate was found to be closely related to the genus Ralstonia. The ITS-based phylogeny showed 53 isolates, 2 isolates, and 1 isolate, to be closely related to B. yuanmingense, B. elkanii and B. japonicum, respectively, suggesting that B. yuanmingense strains predominated in the soils. Among the isolates tested, B. yuanmingense TSC10 and TTC9 exhibited a greater symbiotic activity and could be considered efficient inoculants for cowpea.
Cowpea (Vigna unguiculata L. Walp.), a legume native to Africa, is an important annual crop in tropical and sub-tropical regions worldwide, especially in Sub-Saharan Africa, Asia, and Central and South America (8, 23) . The young leaves, pods, and seeds of this plant are good sources of dietary protein, vitamins, and minerals for humans and animals (23) . Dakora et al. (7) reported that in Ghana, the benefit of nodulated cowpea to soil nitrogen supply was 60 kg N ha −1 when residues from the crop were incorporated into the soil. Therefore, in soils experiencing a decline in soil nitrogen status which is a threat to food production, biological nitrogen fixed via rhizobia-legume symbiosis has been recommended for the sustenance of traditional agriculture. However, the common approach to improving the symbiotic fixation of nitrogen and legume productivity, using superior or very effective exotic rhizobial strains as inoculants, often fails to achieve the desired responses (4, 33) . The failure has been attributed to the poor competiveness of the introduced rhizobia (28) , the non-specificity of the bacteria, and the occurrence and resistance to stress of ineffective indigenous rhizobial strains in soils (9) . To improve the yield and quality of cowpea, the use of rhizobia, selected from the indigenous community with the capacity for nodulation and strong nitrogen fixing activity, is an important agronomic approach (39) . Thies et al. (29) and Hunt et al. (10) reported that several indigenous strains of Bradyrhizobium were superior to commercial varieties for inoculating cowpea and soybean. According to microbe-host specificity, rhizobia isolated from cowpea are generally placed in the cowpea-crossinoculated group (1) and species of this heterogeneous group were assigned, based on phylogenetics, to the genus Bradyrhizobium (13) . Created in 1982 (12) , the genus Bradyrhizobium now includes seven species: Bradyrhizobium japonicum (12), Bradyrhizobium elkanii (17) , Bradyrhizobium liaoningense (36) , Bradyrhizobium yuanmingense (37), Bradyrhizobium betae (21) , Bradyrhizobium canariense (32) , and Bradyrhizobium denitrificans (30) . Despite this number, however, studies on cowpea bradyrhizobia are limited. Based on a polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of the16S-23S rRNA intergenic spacer region (IGS), Krasova-Wade et al. (15) divided isolates from three cowpea cultivars from Senegal, West Africa into four genetic profiles; IGS type's I, II, III and IV. Results of a phylogenetic analysis showed that type I exhibited low similarity with sequences in databases and could represent a new species. Insufficient rainfall and the low moisture content of semi-arid soils limit biological nitrogen fixation (26) . According to Krasova-Wade et al. (15) , among the three cowpea cultivars, the most water sensitive (B-21) was exclusively nodulated by the IGS type I strains, while the Mouride cultivar showing good drought resistance, harbored greater rhizobial diversity. In Japan, although environmental conditions differ from those in traditional agroecological zones of cowpea (tropical areas), this plant is grown in some areas. However, until recently, there has been little investigation of the diversity and phylogeny of its rhizobia. The Kyushu area located in the South-West of Japan and characterized by high levels of rainfall and different soil properties compared to less irrigated tropical zones, may represent a valuable site for investigation's of the diversity of cowpea rhizobia in Japan. Therefore, this study was carried out to (i) determine the phylogenetic diversity of cowpeanodulating bacteria in the South-West of Japan, (ii) select highly effective rhizobia as inoculants for cowpea, and (iii) investigate whether a relation between cultivar and rhizobia could be expected in this zone. For this purpose, the 16S rRNA gene and the Internal Transcribed Spacer (ITS) region between the 16S and 23S rRNA genes were sequenced in indigenous bacteria isolated from the roots of cowpea cultivars grown in pots with suspensions of soil samples collected from the Kyushu University's farm. A cross-inoculation test was also performed to identify strains with higher nodulation competitiveness and symbiotic effectiveness.
Materials and Methods

Bacterial strains and DNA isolation
A total of 60 indigenous bacterial strains were isolated from the root nodules of two drought-tolerant (Dan IIa and Tvu-11986) cowpea cultivars and one drought-sensitive (Tvu-7778) cultivar. These cultivars were provided by Dr. H. OMAE of JIRCAS Okinawa Subtropical Station (Japan). The plants were grown in pots filled with vermiculite and inoculated with two suspensions of soil samples collected from the Kyushu University (33°39' W, 130°21' E; Fukuoka, Japan) farm or without any soil suspension as a control. The two soils, named Cowpea Soil (CS) and Bean Soil (BS), were collected from sites where cowpea and bean have been cultivated previously, respectively. Selected chemical properties of the soils before the cultivation of cowpea and bean were are as follow: pH(H2O) 7.22, total-N 0.048%, total-P 0.045%, total-K 0.135%, CEC 19.41 cmolc kg −1 . Plant cultivation and bacterial isolation were conducted mainly according to procedures described by Vincent (31) . The possibility of contamination with non-relevant cowpea-nodulating bacteria was excluded by confirmation of the absence of nodules in negative control cultures without soil (3 pots). Twenty root nodules picked out from each cultivar (Table 1) were surface sterilized in 70% ethanol, 5% hydrogen peroxide and homogenized in sterile 0.9% NaCl, crushed and streaked on yeast manitol agar (YMA) (31), Congo red (CR) or Bromothymol blue (BTB) plates. Following incubation at 30°C for 3 or 7 days, a single colony recognized on the medium was removed and conserved in a glycerol-stock culture at −84°C. Total DNA of strains cultured in AIE liquid medium (16) was later extracted, using an ISOPLANT kit (Nippon Gene, Tokyo, Japan) and following the instructions of the manufacturer.
Production of acid/alkaline substances on YMA-BTB and growth properties
The isolates were distinguished based on the duration of their culture (3 or 7 days) and production of acid/alkaline substances on YMA media, and the generation times. On BTB plates, one isolate (TSC1) produced colonies (3-4 mm) after 3 days and the medium turned yellow (production of acid substances). For the other isolates, colonies were visible at 5 to 7 days and the BTB medium turned blue (production of alkaline substances). The acid-producing isolate TSC1 and representative alkaline-producing isolates, DTB1, DTB4, and DTC9, were selected for growth tests. Sinorhizobium fredii USDA 194 and Bradyrhizobium japonicum USDA 110 were used as reference strains for fast-and slow-growing rhizobia, respectively. One colony per isolate was grown on AIE medium at 30°C with shaking at 100 rpm and optimum density (OD660nm) was recorded every 24 h for DTB1, DTB4, DTC9, and B. japonicum USDA 110 or every 12 h for S. fredii USDA 194 and TSC1. Growth curves were drawn based on the results of three independent experiments. Generation time was calculated from the exponential phase of the growth curve.
PCR of 16S rRNA and 16S-23S rRNA ITS regions
PCRs were performed as described by Saeki et al. (22) . The primer sets 16S-F and 16S-R2, and ITS1512F and ITSLS23R, were used to amplify the 16S and ITS rRNA genes, respectively. PCR products were then purified using the Wizard Gel and PCR Cleanup System (Promega, Madison, WI, USA), and the corresponding concentrations were estimated after agarose gel electrophoresis (1.5% agarose gel in 1×TAE buffer) and staining with SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA, USA) ( Fig. 1. A 
, B).
Sequencing and phylogenetic analysis
The purified PCR products of the 16S and ITS rRNA genes of the 57 isolates were ligated (TaKaRa DNA ligation ver. 2.1 kit) into a plasmid T-A vector (constructed using the ampicilin resistance pGEM-5Zf(+), Promega) and cloned into competent cells (11) using standard methods. Three clones per isolate were selected for plasmid extraction using the Wizard Plus SV Minipreps DNA Purification System (Promega). The plasmid concentrations were assessed by NIH image 1.62 (National Institutes of Health, Bethesda, MD, USA) after a 1% agarose gel electrophoresis with λHind III marker (Fig. 1C) , and 20 μL of plasmid solution (100 ng μL −1 ) was used for sequencing (Macrogen, Seoul, Korea) with the primers T7 promoter and SP6. DNA sequences were edited by DNASIS-Mac Ver. 2.0 (Hitachi, San Bruno, CA, USA) to create the 16S rRNA gene or ITS sequence fragments. Bidirectional sequences were aligned using GENETYX-MAC ver. 10.1 (Software Development, Tokyo, Japan) to obtain consensus sequences TTC6, TTC7, TTC8, TTC9, TTC10   BS  TTB1, TTB2, TTB3, TTB4, TTB5  TTB6, TTB7, TTB8, TTB9, TTB10   Tvu-11986   CS  TSC1, TSC2, TSC3, TSC4, TSC5  Blue  1.5-2 mm  TSC6, TSC7, TSC8, TSC9, TSC10   BS  TSB1, TSB2, TSB3, TSB4, TSB5  TSC1 (yellow)  3-4 mm  (TSC1, TTC5)  TSB6, TSB7, TSB8, TSB9, TSB10 CS and BS are soil samples collected from sites where cowpea (Cowpea Soil: CS) and bean (Bean Soil: BS) were cultivated previously. All isolates showed an entirely pulvinate shape except for DTC9 and TTC5 which had an undulating flat shape. Colony sizes were obtained after 7 days incubation on YMA plates except for TSC1 (3 days).
for each clone. Sequences were compared with the DDBJ/EMBL/ GenBank databases using the BLAST search program (2) , and the closely related sequences found were included in a phylogenetic analysis using the unweighted pair group method with averages (UPGMA) (24) . Multiple alignments of sequences and the calculation of evolutionary distance were performed by the two-parameter method of Kimura (14) .
Cross-inoculation and symbiotic effectiveness
Dan IIa, Tvu-7778 and Tvu-11986 described above and Melakh (6) grown in the tropical zone of Senegal were used as host cultivars. Nine bacterial strains were selected from the different groups of isolates identified. Plants were grown in pots filled with vermiculite moistened with a nitrogen-free solution (31) . The selected bacterial strains were grown to 1×10 7 cells mL −1 in AIE liquid medium and 3 mL was used to inoculate each of the 5 seeds sown per pot. Pots were placed into a 25°C growth chamber under natural light and watered every 7 days with sterilized de-ionized water. The nodulation and nitrogen fixing abilities of the plants were assessed after 28 days using the Acetylene Reduction Assay (Shimadzu Gas Chromatograph GC-14A, Kyoto, Japan), the number nodules and the dry weights of nodules, shoots and roots from 3 plants per pot. All data were subjected to a statistical analysis using one-way ANOVA, at a probability level of 5%. Mean separation was performed using the Least Significant Difference (LSD) whenever a significant result (P<0.05) was obtained.
Nucleotide sequence accession numbers
The nucleotide sequences of the 16S rRNA and the ITS region between the 16S and 23S rRNA genes of the 57 sequenced isolates were deposited under accession numbers listed in the Table S1 .
Results
Isolation and growth properties of cowpea-nodulating bacteria
Ten isolates were obtained from the root nodules of each host and soil combination: DTC1 to DTC10 (Dan IIa, CS), DTB1 to DTB10 (Dan IIa, BS), TTC1 to TTC10 (Tvu-7778, CS), TTB1 to TTB10 (Tvu-7778, BS), TSC1 to TSC10 (Tvu-11986, CS), and TSB1 to TSB10 (Tvu-11986, BS). Consequently, there were 60 isolates in total (Table 1) . Except TSC1, all isolates were considered slow-growing strains based on the culture period (7 days), the production of alkaline substances (blue color on BTB medium) and generation times. The generation times (hours±S.E.) of B. japonicum USDA 110, DTB1, DTB4 and DTC9 were 17.21±0.23, 16.80±0.29, 16.31±0.09 and 16.72±0.45, respectively. The generation times of the fast-growing reference S. fredii USDA 194 and TSC1 were 7.88±0.10 and 7.74± 0.37, respectively. Two slow-growing isolates (TTC5 and DTC9) showed colonies with an undulated-flat shape while the remaining 57 slow-growing isolates had an entirelypulvinate shape.
Sequence analysis of the 16S rRNA gene
The isolates DTB5, DTC7 and TTC7, showing signs of contamination on agar plates, were omitted from further analysis. A BLAST analysis of the 16S rRNA gene (1.452 kbp) sequences confirmed that all 57 remaining isolates belonged to the genus Bradyrhizobium, except TSC1 (1.5 kbp) which was close to members of the genus Ralstonia. Because of the extensive taxonomic difference between Bradyrhizobium and Ralstonia, an individual phylogenetic tree was constructed for each group. The tree for the 56 Bradyrhizobium isolates is shown in Fig. 2a . DTC9 and TTC5 were closely related to B. elkanii and shared 99% similarity with the reference strains B. elkanii S127 and B. elkanii SEMIA 6175. The isolate DTB4 showed 99% similarity with the 16S rRNA gene portion of the complete B. japonicum USDA 110 gene sequence. The remaining 53 isolates were also closely related to the reference strain B. japonicum HF7. TTB3 was separated from the other 52 isolates but shared 99% similarity with B. japonicum HF7 as well as with B. liaoningense LYG10. Of the 53 isolates closely related to B. japonicum HF7, thirty showed 100% to 99.58% homology with DTB6, 7 showed 100% homology with DTB3, 6 shared up to 99.72% homology with TSC10, and 4 isolates had 99.38% similarity with DTC5 (Fig. 2a) . The phylogenetic tree for TSC1 (Fig. 2b) confirmed this isolate to be a member of the genus Ralstonia. It shared 99% homology with the 16S rRNA gene sequences of the Ralstonia detusculanense and Ralstonia pickettii TA reference strains.
Sequences analysis of 16S-23S rRNA ITS genes
For the ITS region, two distinct phylogenetic trees corresponding to Bradyrhizobium (850 bp) and Ralstonia (607 bp) Fig. 1. 1 .5% agarose gel electrophoresis in 1×TAE buffer stained with SYBR safe DNA gel stain (Invitrogen) of the 16S rRNA gene (A) and ITS sequences between the 16S and 23S rRNA genes (B) of 13 selected isolates. C: 1% agarose gel electrophoresis of 8 plasmid clones for 2 isolates (4 clones per isolate). M: marker (100 bp ladder for A and B, λHind III for C), p: pGEM-5Zf(+) non-digested plasmid (control).
were also constructed. Sequences used to construct the tree (Fig. 3a) for Bradyrhizobium isolates, contained portions of the end and start of the 16S and 23S rRNA genes, respectively. This topology confirmed that DTB4 was closely related to B. japonicum USDA 110 with which it shared 100% similarity, and it was named B. japonicum DTB4.
DTC9 and TTC5 were strains of B. elkanii as they shared 99% similarity with the ITS sequences of the reference strains USDA 121 and USDA 23. B. elkanii DTC9 and B. elkanii TTC5 were distinguished from the other isolates based on the shape and size of the colonies on YMA plates. In contrast, the group of 53 isolates closely related to B. 
B. elkanii
japonicum HF7 in the 16S rRNA gene phylogeny, was clustered with B. yuanmingense in the ITS phylogeny. This group shared at least 99% similarity with the reference strain B. yuanmingense TAL760. In this group, thirty six isolates including DTB3, TSC10 and TTB3 shared 100% similarity with DTB1. DTC5 shared up to 99.7% similarity with related isolates, and DTB6 was 100% similar to 8 isolates (Fig. 3a) . Moreover, 22 isolates clustered in the DTB6 sub-group of the 16S rRNA gene phylogeny were transferred into the DTB1 sub-group of the ITS phylogeny with which they showed 100% sequence similarity. The ITS-based phylogenetic tree for TSC1 indicated that this isolate was a member of the genus Ralstonia (Fig. 3b) . TSC1 shared 95% similarity with the ITS rRNA sequence of Ralstonia pickettii RP273DL and was submitted to GenBank under the name Ralstonia sp. TSC1.
Nodulation effectiveness and nitrogen fixing potential
Eight bradyrhizobial isolates: DTB1, DTB3, DTB4, DTB6, DTC6, DTC9, TSC10, TTC9 and TSC1, were selected as inoculants for the cross-inoculation test. Symbiotic properties with the four host cultivars of the eight isolates are shown in Table 2 . The Acetylene Reduction Activity (ARA) of TSC10 was greater than that of the other strains. TTC9 had a high ARA value, especially when inoculated on Dan IIa and Melakh cultivars. There was no significant difference in ARA between the cultivars when they were inoculated with DTC5. Melakh was poorly co-related For each isolate, means with the same letter in a column are not significantly different at the 5% level. One-way ANOVA was performed using the pair-wise Student t test.
with DTB4 (1.96 µmol ethylene h −1 g −1 nodule) compared to TSC10 (35.90 µmol ethylene h −1 g −1 nodule). The lowest nitrogen fixing potential was generally obtained with DTB4 and DTC9 inoculants. Although shoot and root dry weights of cultivars inoculated with DTB1, DTC5 and DTB4 were not significantly different, Melakh and Dan IIa showed in general, the highest dry weights compared to Tvu-11986 and Tvu-7778. This result correlated overall with the higher ARA measured throughout the root system of these two cultivars. On the other hand, although Malakh and Tvu-7778 had similar nodule dry weights except when inoculated with DTC9, ARA was significantly greater in Melakh than in Tvu-7778 (Table 2) . Cross-inoculation with TSC1 (Table 3) indicated that this strain cross-reacted with the four host cultivars. No significant difference was observed between cultivars in terms of the number or dry weight of nodules. However, the Tvu-11986 and Melakh cultivars showed the highest affinity for TSC1 as their ARA values were significantly higher than those of Dan IIa and Tvu-7778.
Discussion
In this study, we have examined the phylogenetic diversity of the indigenous population of cowpea-nodulating bacteria in the South-West of Japan. Among the 57 isolates sequenced, some minor discordance was observed between the 16S and ITS rRNA gene sequences of a group of 53 isolates. This group was closely related to B. japonicum HF7 in the 16S rRNA gene phylogeny and to B. yuanmingense TAL760 in the ITS phylogeny. However, for B. yuanmingense TAL760, only ITS sequences were submitted to the GenBank database. This may explain why the closest relative of the 53 isolates in the 16S rRNA gene phylogeny was B. japonicum HF7. Furthermore, since it was reported that 16S rRNA genes have limited sequence divergence, that evolutionary relationships are better resolved when reconstructions are made using the sequence divergence of the spacer region between the 16S rRNA and the 23S rRNA (30, 35) , this group of 53 isolates were considered relatives of B. yuanmingense. However, both the 16S rRNA and ITS phylogenies clustered DTB4 with B. japonicum, DTC9 and TTC5 with B. elkanii, and TSC1 with the genus Ralstonia (Ralstonia sp. TSC1). Therefore, this study revealed the predominance of B. yunamingense in the soils of the Kyushu University's farm. Strains of this species seem to have a naturally broad distribution. B. yunamingense CCBAU10071 has been recovered from China in association with Lespedeza cuneata, a native tree (37) . Some strains of B. yuanmingense were isolated from South America; LMRT28 was associated with Phaseolus lunatus in Peru (20) and TAL760 was isolated from Indigofera hirsute in Mexico (25) . B. yuanmingense was also found in association with cowpea in Botswana (Africa). Information on B. yuanmingense has thus expanded regarding (i) its range of hosts (P. lunatus, L. cuneata, I. hirsute, and V. unguculata); and (ii) its geographical range (China, Peru, Mexico and Botswana) to include another Asian locality in Japan. Since B. yuanmingense was found nodulating cowpea in Africa, our findings are confirmation of this point and further extend the geographical distribution of this species in Japan. A non-human-mediated wide geographical distribution has been also reported previously for B. canariense (32) and Mesorhizobium plurifarium (34) .
Furthermore, host-microbe specificity is observed in many legumes and one of the important factors affecting the distribution of indigenous rhizobia. For example, the predominant root-nodule bacteria of Genistioid legumes are mostly B. japonicum and B. canariense, while Milletioid legumes appear to be more commonly nodulated by B. yuanmingense and B. elkanii (27) . Krasova-Wade et al. This is the first report describing the isolation of a betaproteobacterial strain (Ralstonia sp. TSC1) from cowpea nodules. The Nitrogen-fixing bacteria were limited to the alpha-subclass of Proteobacteria (α-rhizobia) until the discovery of legume-nodulating Burkholderia strains (20) and Ralstonia taiwanensis (5) which are betaproteobacterial strains. R. taiwanensis was found to represent 93% of the Mimosa isolates in Taiwan, indicating that Betaproteobacteria can be specific symbionts of a legume. Many nitrogen-fixing endophytes including strains of Burkholderia (18) and Herbaspirillum (38) have also been isolated from seeds, and stems as well as roots of several plants. In the present study, B. elkanii DTC9, B. elkanii TTC5 and Ralstonia sp. TSC1 were isolated from root nodules of cowpea inoculated with the cowpea soil (CS), indicating that the bacteria inhabiting the cowpea soil type were more diverse than those in the bean soil type.
The cross-inoculation test revealed that B. japonicum DTB4 and B. elkanii DTC9 had less nitrogen-fixing potentials (ARA) than the B. yuanmingense strains used as inoculants (Table 2 ). B. yuanmingense TSC10 and TTC9 showed significantly greater nitrogen-fixing potential and could be of great importance for further inoculations of cowpea in the field. Moreover, although B. yunamingense TSC10, DTB1 and DTB3 shared 100% similarity in sequence, they differed in nitrogen-fixing characteristics. This indicated that strains of B. yunamingense may harbor the same ITS sequences but differ in other composite genes, making the ITS analysis In a column, means with the same letter are not significantly different at the 5% level. One-way ANOVA was performed using the pair-wise Student t test.
insufficient to accurately separate them. On the other hand, the Melakh cultivar was more compatible with inoculants based on the ARA and gave the highest dry weights together with Dan IIa, while the cultivar (Tvu-11986) had the lowest dry weight. Similar results regarding host specificity were obtained for 16 sorted Senegalese cowpea cultivars (19) among which B-21 was the worst nitrogen-fixing cultivar, while the Mouride cultivar showed moderate nitrogen-fixing potential. Although, cultivar-strain interactions in cowpea are not well known (1, 9) , effects of cultivars on nodule occupancy have been observed in other plant species including soybean and bean (3, 28) .
In conclusion, it appears that in a single restricted area, cowpea can be nodulated by at least four different bacterial species. Strains of B. yuanmingense predominated in the zone studied and showed the greatest nitrogen-fixation potential. Further molecular analysis should be carried out on the novel species isolated from cowpea (Ralstonia sp. TSC1), to better understand its symbiotic characteristics.
